Alzheimer's disease (AD) is characterized by progressive cerebral atrophy, which may be assessed by using volumetric MRI. We describe a voxel-based analysis of nonlinear-registered serial MRI to demonstrate the most statistically significant (P < 0.001) regions of change at different stages of the disease. We compared presymptomatic (n ‫؍‬ 4), mild (n ‫؍‬ 10), and moderately affected (n ‫؍‬ 12) patients with early-and late-onset AD, with age-and sexmatched controls, and demonstrated increasing global atrophy with advancing disease. Significantly increased rates of hippocampal atrophy were seen in presymptomatic and mildly affected patients. There was a shift in the distribution of temporal lobe atrophy with advancing disease; the inferolateral regions of the temporal lobes showed the most significantly increased rates of atrophy by the time the patients were mildly or moderately affected. Significantly increased rates of medial parietal lobe atrophy were seen at all stages, with frontal lobe involvement occurring later in the disease. Our results suggest that the sites showing the most significant rates of atrophy alter as the disease advances, and that regional atrophy is already occurring before the onset of symptoms. This technique provides insights into the natural history of AD, and may be a valuable tool in assessing the efficacy of disease-modifying treatments, especially if these treatments were to have region-specific effects.
A
lzheimer's disease (AD), the most common cause of dementia, is a progressive neurodegenerative condition, characterized histologically by the presence of neurofibrillary tangles and neuritic amyloid plaques (1) . These microscopic changes are accompanied by progressive brain atrophy, which has been demonstrated in vivo by using volumetric MRI (2) . The emergence of potentially diseasemodifying therapies for AD (3) has made both early diagnosis and monitoring of disease progression increasingly important.
Postmortem studies have suggested that the sites of earliest change in AD are the medial temporal lobe structures, and in particular the entorhinal cortex and hippocampus (1) . Many volumetric MRI studies in AD have focused on these regions and support their early involvement; even in mild AD the entorhinal cortex and hippocampus show volume reductions of 20-25% relative to controls (4) (5) (6) (7) (8) . Other areas (such as the cingulate gyrus) have been assessed and implicated at early stages of the disease by using volumetric MRI (9) ; however, such regions are difficult to quantify reliably using conventional MRI volumetry. Functional studies have highlighted deficits in the posterior parietotemporal lobes rather than medial temporal lobe structures. Metabolic reduction has been shown in the general region of the posterior cingulate gyrus in early AD (10) and even in asymptomatic individuals at genetic risk for the disease (11) (12) (13) .
To date, most volumetric MRI studies in AD have been cross-sectional. Such studies have inherent problems. First, there may be considerable overlap between patients with AD and controls because of large inter-individual variability in brain volumes. Second, because of the laborious nature of regionbased manual outlining, these studies require a priori assumptions as to which brain areas should be assessed; such methods also involve a degree of subjectivity in the definition of structural boundaries. By contrast, longitudinal volumetric analyses, by using subjects as their own controls, reduce problems caused by inter-individual variability. Such studies have shown that change within individuals may be more sensitive at discriminating AD from normal aging, and in particular, that individual rates of global atrophy distinguish patients with AD from controls (2) . Longitudinal volumetric analyses of particular brain substructures have also been used to compare patients with AD with controls, and have shown increased rates of hippocampal atrophy in AD (14) , in presymptomatic patients with familial AD (15) , and in subjects with mild cognitive impairment (16) . However, judgements as to which substructures should be assessed are still required. There is, therefore, an increasing need for automated techniques that can accurately localize regional atrophy in an unbiased manner.
Nonlinear registration of serial MRI provides a means of modeling change over the whole brain. Repeat scans can be matched onto baseline images by using voxel-level deformation fields based on a viscous fluid model (17) . This technique has been validated in both AD and control subjects (18) . Jacobian determinants from this model can be used to quantify volume change at the voxel level, and color overlays can be used to create voxel compression maps. We have used this technique to demonstrate changes within individuals with AD (19) . This model has also been validated against manual volumetric measurements for the automated regional segmentation of serial scans (20) .
To determine changes that are truly disease-related, groups of individuals need to be compared by using robust statistical techniques. Statistical parametric mapping (SPM) (21) is a well-validated automated technique for performing such group comparisons. Initially applied to functional imaging, SPM has recently been used to detect cross-sectional structural differences between groups; this technique has been termed voxelbased morphometry (22) . Such methodology has been used in cross-sectional studies of AD. In one study, reduction in gray matter density was shown in the medial temporal lobe, posterior cuneus, cingulate gyrus, and associated neocortical areas (23); in another, significant changes were seen in the hippocampus, insula, and caudate nucleus (24) . Thompson et al. (25) describe a statistical analysis of cross-sectional three-dimensional cortical maps to identify significant areas of gray matter loss between groups of patients with AD and controls. These authors have This paper was submitted directly (Track II) to the PNAS office.
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recently applied a similar technique, using longitudinal MR imaging, to identify altering patterns of gray matter loss during the progression of childhood schizophrenia (26) .
In this study we investigated longitudinal changes in regional atrophy. We used fluid registration to localize longitudinal changes within individuals, and subsequently used SPM to determine consistent changes within groups. By comparing regional volume changes in presymptomatic, mild, and moderate AD patients with matched control subjects, we were able to assess patterns of atrophy at different stages of the disease.
Methods
Subjects. All subjects were assessed at the Dementia Research Group at the National Hospital for Neurology and Neurosurgery, and gave informed written consent. Ethical approval was obtained from the local ethics committee. All patients underwent comprehensive diagnostic evaluation, including clinical assessment (with a history taken from a close informant), detailed neuropsychology, and standard screening blood tests. T1-and T2-weighted MR images were acquired and reviewed by an experienced neuroradiologist. As part of the research study, all subjects underwent at least two volumetric MRI and mini mental state examination (MMSE) (27) assessments. By the end of the study, all patients fulfilled National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer's Disease and Related Disorders (NINCDS-ADRDA) diagnostic criteria for probable AD (28) . Subject details are shown in Table 1 .
Three groups of AD subjects were examined: patients with mild AD, moderate AD, and presymptomatic individuals. The presymptomatic patients were all from kindreds with autosomal dominant early-onset familial AD; they were involved in a longitudinal research project for which they underwent annual MRI and neuropsychological assessments. During this study, four individuals exhibited early symptoms of the disease and eventually fulfilled the NINCDS-ADRDA criteria for probable AD. In this group, the earliest available scans were compared with the first scans after the onset of symptoms. Clinical details (29) and qualitative assessments of individual patterns of atrophy (19) have been described. Twenty-two subjects with established AD were investigated. We used the MMSE score at first scan to divide these subjects into 10 mild (MMSE 20-27͞30) and 12 moderate cases (MMSE 8-19͞30); there were 5 familial cases in each subgroup. A qualitative assessment of regional atrophy on 13 of these patients (7 with mild AD, 6 with moderate AD) has been published (19) . Groups were compared with appropriately age-matched controls (presymptomatic AD: control group 1; mild-to-moderate AD: control group 2). MRI Acquisition and Preprocessing. Serial T1-weighted volumetric MR scans were acquired by using a 1.5-T Signa unit (General Electric Medical Systems, Milwaukee, WI) with a spoiled gradient-echo technique. Imaging parameters were as follows: time to echo, 5 ms; time to repeat, 35 ms; flip angle 35°; and field of view 24 ϫ 24 ϫ 19.2 cm. This sequence yielded 124 contiguous 1.5-mm-thick slices, which were transferred to a Sun Enterprise 250 workstation (Sun Microsystems, Mountain View, CA) for analysis. Image processing was performed by using the MIDAS software tool (30) . The brain was outlined by using a semiautomated technique. A 9 degrees of freedom registration was performed to align the repeat scan onto the baseline image (31).
Fluid Registration: Detecting Change Within Individuals over Time.
The fluid registration model has been described by Freeborough and Fox (18) and used parameters outlined in Crum et al. (20) . With the rigidly aligned repeat scan used as a starting point, a viscous fluid model was used to compute a deformation field throughout the image at the voxel level. This model gives an estimate of the volume change occurring at each voxel within the image. This estimate is referred to as a Jacobian value. To examine the change within individuals over time, logarithms of the Jacobian values for each voxel within the image were analyzed. Two images were created, one for voxel expansion (Jacobian values Ն 1) and one for voxel contraction (Jacobian values Ͻ1). This separation was performed to prevent cancellation errors during smoothing.
Statistical Analysis: Detecting Differences Between Groups. Analysis was performed by using SPM99 (Wellcome Department of Cognitive Neurology, London) running in MATLAB 6 (Mathworks, Sherbourn, MA). The images were spatially normalized to a customized template in standard stereotactic space (32), after which they were convolved with a mask to exclude scalp, and smoothed with an isotropic Gaussian kernel of 8-mm full width at half maximum. A single subject condition and covariate model was used for analysis (21) . The logarithm of the time interval between scans was used as a covariate, and age and sex were included as nuisance variables. An explicit mask was used to ensure that all brain voxels were included in the analysis. Significance levels were set at P Ͻ 0.001, uncorrected.
Results

Regions of Expansion.
The analysis revealed significant expansion of the lateral ventricles in all three disease groups compared with controls, which increased with increasing clinical evidence of the disease (Figs. 1-3 ). In the mildly affected group there were significant rates of expansion in the lateral and third ventricles (Fig. 2) , whereas in the moderately affected patients there was also clear expansion in perihippocampal spaces and both Sylvian fissures compared with controls (Fig. 3) .
Regions of Compression.
Compression images in the presymptomatic group revealed strikingly increased rates of volume loss in each hippocampus and precuneus compared with controls. There was also a small area of significantly increased volume loss within the anterior frontal lobe cortices (Fig. 4) . Compression images from the mildly affected group showed significantly increased rates of volume loss to be occurring not only in the hippocampi, precuneus, and anterior frontal lobe cortices, but also in the inferior and lateral parts of the temporal lobes, and the posterior part of the cingulate gyrus (Fig. 5 ). At the same significance level (P Ͻ 0.001), the moderately affected group no longer showed significant rates of hippocampal atrophy compared with controls. In this group, large portions of the inferior and lateral temporal lobe structures, the posterior cingulate gyrus, precuneus, and both anterior cerebral cortices showed significantly increased rates of atrophy (Fig. 6 ). The areas of increasing volume loss became more extensive as the disease progressed. In all three patient groups, the left cerebral hemi- Numbers given as mean (ϮSD).
sphere appeared more extensively involved than the right. The cerebellum did not change significantly in any of the groups.
Discussion
We report a statistical assessment of disease progression in AD based on fluid-registered longitudinal MRI. Our results suggest that the sites showing the most significant rates of atrophy alter as the disease advances, and that, at least in familial AD, regional atrophy is already occurring before the onset of symptoms.
Relation to Prior Findings. Our finding of significantly increased rates of expansion of cerebrospinal fluid (CSF) spaces is consistent with previous volumetric studies (33, 34) . As expansion of CSF spaces correlates with total brain volume loss, it is reasonable to conclude that these results demonstrate increasing global atrophy with advancing disease. The presence of significantly enlarging CSF spaces in presymptomatic individuals is consistent with a previous volumetric study, which illustrated increased rates of global atrophy in preclinical patients with AD (35) . By using these methods, we have been able to demonstrate changes in the localization of the most active areas of volume loss as the disease progresses. Presymptomatic individuals and mildly affected patients showed significant rates of volume loss in each hippocampus, in accordance with a previous very selective volumetric analysis (15) . By contrast, in subjects with moderately severe disease, the focus of greatest rates of atrophy appears to have moved away from the medial temporal lobe structures to the inferior and lateral temporal lobe cortices. This change of focus is likely to reflect accelerating atrophy rates in the temporal neocortex. Relative decline in the rate of atrophy of the hippocampus may be due to the fact that prominent early atrophy in a small structure is likely to lead to a reduction in the rate of atrophy of that structure as the disease progresses. Indeed, several cross-sectional MRI studies have shown that hippocampal and entorhinal cortex volumes are already severely reduced by the time patients are mildly affected (4) (5) (6) 8) . Our findings are also consistent with a longitudinal volumetric study by Jack et al. (14) , who reported that patients with minimal cognitive impairment who subsequently developed AD had higher rates of hippocampal atrophy than patients with established AD.
Our results also suggest that significant rates of atrophy are already present in some neocortical areas from the very earliest stages of the disease. We demonstrated significantly increased atrophy of the precuneus from symptom onset of the disease. In established but still mild AD, areas showing most significant change were the precuneus and adjacent posterior part of the cingulate gyrus. The moderately affected subject group showed more widely distributed increased rates of atrophy throughout the posterior region of the medial parietal lobes. Using conventional volumetric MRI, atrophy of the cingulate has been demonstrated in one study (9) ; to our knowledge, atrophy of the precuneus has not been shown using this technique. This may reflect the difficulties in manually defining the boundaries of these structures. Our results concur with the finding of atrophy Figs. 1-6 , the color overlays show regions of statistically significant (P Ͻ 0.001) differences in rates of change compared to controls. The overlays are displayed on an averaged customized MRI template with the same sagittal, coronal and axial sections shown to facilitate comparison across groups. in the posterior cingulate gyrus and precuneus in a crosssectional voxel-based morphometry analysis (23) . Reduced metabolism in the posterior cingulate gyrus in early AD has been reported in functional studies (10) . Furthermore, positronemission tomography studies in individuals at genetic risk of AD showed consistent reductions in glucose metabolism in the parietal and temporal lobes (11) (12) (13) , and in anterior frontal lobe cortices (11) . These findings concur with the atrophy progression we report. Longitudinal neuropsychological studies report that memory loss precedes widespread cognitive decline in early AD (29, 36) . There is increasing evidence that posterior medial parietal lobe structures, particularly the precuneus, and the posterior cingulate also have roles in successful memory retrieval. Functional studies have implicated the precuneus in episodic memory retrieval (37) , in linking new information to prior knowledge (38) , and in autobiographical memory retrieval (39) . The posterior cingulate also has strong reciprocal connections with both the entorhinal and parahippocampal cortices (39) . It may be, therefore, that atrophy of the precuneus and posterior cingulate contribute to some of the memory deficits in early AD. Other cognitive deficits either accompany or rapidly follow the early symptoms of forgetfulness. In particular, word finding and calculation difficulties are very early features, as are subtle changes in confidence, spontaneity and orientation. These deficits may also be a consequence of early atrophy in neocortical areas.
The structural changes we have illustrated were bilateral at all stages. However, there appeared to be slight preferential atrophy of the left hemisphere compared with the right, which concurs with previous MRI (15, 25) and biochemical studies (40) . This observation may be caused by true excess vulnerability of the left hemisphere to the disease process. Alternatively, this observation may reflect the fact that subtle early dysfunction in the dominant temporal lobe, by producing early speech deficits, comes to the attention of patient or clinician at an earlier stage. Consistent with clinical observations, neuropathological studies (41) , and cross-sectional whole-brain analyses (23, 25) , we found that atrophy rates were significantly increased neither in the primary sensory nor motor cortices nor in the cerebellum.
Limitations of the Technique. Subject groups. A strength of the study is the fact that presymptomatic subjects were followed from before symptom onset through to the development of multiple cognitive deficits and fulfilment of a diagnosis of probable AD. However, these subjects were included by virtue of being at risk of familial AD. Therefore, some caution needs to be exercised in extrapolating our findings to the more common sporadic form of the disease. Nonetheless, we think it is likely, given very similar pathological findings in sporadic and familial cases, that these forms are likely to have a similar pattern of atrophy progression. Overall, the patients studied were generally younger than many AD cohorts. Although this means that our findings may not necessarily apply to older patients, it does limit the possibility that comorbidity (such as vascular load) may be influencing the results.
Technical aspects. Possible sources of error may be related to the analysis techniques. The SPM protocol aims to compare the same anatomical regions between groups. Any variability between individuals reduces the sensitivity of a statistical technique designed to detect consistent group changes. One potential source of such increased variability is that as atrophy progresses, there may be increasing variability in both the shape of a particular structure (e.g., the hippocampus) and its anatomical position relative to neighboring structures. Small, irregularly shaped structures, with large surface-area-to-volume ratios, are also more likely to be affected by inaccuracies caused by smoothing. For these reasons, large, relatively anatomically invariant structures (e.g., the lateral ventricles) are more likely to show statistically significant change than smaller structures with more variable positions (e.g., perihippocampal spaces).
Implications. In this study we have examined presymptomatic, mild and moderate AD subjects, and illustrated the progression of the disease from its earliest stages to the time when it is well established. We conclude that SPM analysis of fluid-registered longitudinal scans in AD shows increasing global atrophy and changing patterns of regional atrophy as the disease progresses. Measures of hippocampal change may be most useful in the earliest stages of the disease. However, the precuneus and posterior cingulate, which show significant, consistent and increasing rates of atrophy with increasing severity, may prove to be useful indices of progression throughout the course of the disease. The fluid model provides a measure of change within an individual, reducing the problem of inter-subject variability inherent in group comparisons. SPM allows automated comparison between groups of individuals, without the need for a priori judgements as to which regions should be assessed. The combination of the techniques that we describe may thus provide insights into disease progression in AD and related disorders, and may be useful for tracking progression in clinical trials of new therapies.
